Obliterative bronchiolitis (OB), characterized by fibrous obliteration of the small airways, is a major impediment to long-term survival in lung allograft recipients. We found previously that IL-17A is produced primarily by CD4
Chronic rejection manifested as obliterative bronchiolitis is a major impediment to long-term survival in lung allograft recipients, and novel therapies are needed. We have found that blocking IL-17A after lung transplant in a mouse model reduces the cellular IFN-g response, the severity of vascular rejection, and the development of obliterative airway disease. Targeting IL-17A may prevent the development of obliterative bronchiolitis after lung transplant.
The development of bronchiolitis obliterans syndrome (BOS), a phenotype of chronic lung allograft dysfunction, limits the longterm survival of patients undergoing lung transplant (1) . The progressive reduction of airflow in BOS correlates with chronic fibrous obliteration of the small airways, a histopathologic finding known as obliterative bronchiolitis (OB) (2) . Both alloimmune and nonalloimmune components are thought to participate in BOS/OB development, but the exact mechanisms are not understood completely, which has led to ineffective therapies for BOS/OB treatment (1, 3) . Studies in human lung allograft recipients have found an association between IL-17A and the development of BOS and its risk factors, such as acute rejection and lymphocytic bronchiolitis (4-6).
Furthermore, IL-17A
1 cells can be found in endobronchial biopsy specimens early after lung transplant in humans, possibly in response to ischemia-reperfusion injury or infection, which are risk factors for BOS (7) . IL-17A is a pleiotropic cytokine, known to promote recruitment of neutrophils and other inflammatory cells and to induce a local fibrotic response (8) (9) (10) (11) (12) . Previously, it was shown that blockade of multiple IL-17 family members, such as IL-17A, IL-17F, IL-17E, and IL-17C, prevented OB in a mouse lung transplant model (13) . Therapies targeting IL-17A indirectly have also been associated with attenuation of acute and chronic rejection in other mouse models of lung transplant (14) (15) (16) . These studies suggest that IL-17A may play a key role in the pathophysiology of OB, but whether IL-17A is an absolute requirement for the development of OB is not clear.
New biological therapies to target IL-17A and IL-17RA have shown very promising results for the treatment of autoimmune disorders such as psoriasis and ankylosing spondylitis (17) (18) (19) (20) . When these biological agents become more widely available, they will be attractive therapies to use for other diseases and the complications related to lung transplant. Because IL-17A and its related family members are important mediators of host defense, it is necessary to determine the precise contribution of each to lung transplant rejection and the cell types involved in producing the cytokines (21) . We have found previously that CD4
1 Th17 cells and gd T cells are the major source of IL-17A in a minor mismatch mouse model of lung transplant (22) . However, their contributions to OB development were redundant, because the absence of either Th17 cells or gd T cells did not prevent the development of OB and they appeared to compensate for each other in the production of IL-17A (22) . To investigate further the role of IL-17A in lung transplant rejection and airway fibrosis, we used a monoclonal antagonistic antibody to block IL-17A in our model. We found that blocking IL-17A decreased the incidence of OB and reduced the lung cellular inflammatory response, particularly the IFN-g-mediated immune response. Our data suggest that IL-17A is an important mediator of lung fibrosis after transplant and may be a potential target for preventing chronic rejection and fibrosis in human lung allograft recipients. Some of the results have been reported previously in the form of an abstract at the American Thoracic Society International Conference 2016 (Abstract A4880). IN) . Left lungs from C57BL/10 mice (allograft) were transplanted orthotopically into C57BL/6 mice as described previously (13, 22) . Mice between 24 and 30 g were used as lung donors and recipients. Lungs and thoracic lymph nodes (LN) (left and right cranial mediastinal and tracheobronchial) were harvested from recipients on Day 21 after transplant (23) . The University of Illinois at Chicago Institutional Animal Care and Use Committee approved all animal protocols.
Materials and Methods

Animals and Orthotopic Left Lung Transplant
IL-17A Antibody Administration
Mice were injected intraperitoneally with 250 µg of IL-17A neutralizing monoclonal antibody (clone 17F3, Bio-X-cell, West Lebanon, NH) or with an isotype control antibody on Days 22 and 0 and twice a week after transplant.
Histology
Paraffin-embedded lung tissue sections were stained with hematoxylin and eosin or Masson's trichrome stain for acute lung rejection (24) and fibrosis (25), respectively. Briefly, the scoring system consisted of four grades (from 1 to 4) on the basis of the severity of vascular lesions ("A" scores); A0 = no acute rejection, A1 = minimal acute rejection, A2 = mild acute rejection, A3 = moderate acute rejection, and A4 = severe acute rejection. For the severity of fibrosis, an arbitrary scale was used, with F1 = normal, F2 = mild fibrosis, F3 = moderate fibrosis, and F4 = severe fibrosis. Presence of obliterative airway disease pathology was determined. Histology was scored in a blinded fashion.
Flow Cytometry
Single-cell suspensions of perfused lungs were obtained by digestion with collagenase I (Life Technologies, Carlsbad, CA 
Statistical Analysis
All data are expressed as mean 6 SEM unless stated otherwise and were analyzed using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). P , 0.05 was considered significant. The two-tailed unpaired t test and Mann-Whitney U test were used for analysis of normally distributed and skewed data, respectively. The prevalence of OB between the different groups was compared using a two-tailed Fisher's exact test. (For additional materials and methods, see the online supplement).
Results
IL-17A Blockade Reduces Incidence of OB
To determine the requirement for IL-17A, lung allograft recipients were treated with anti-IL-17A for 2 days before transplant and twice a week after transplant (13) . The incidence of OB was reduced significantly after IL-17A blockade, with 4 of 20 mice (20%) developing OB compared with 6 of 13 control mice (46%) (Figure 1 ). The anti-IL-17A group is larger because some of the mice were used for preliminary investigation into the cell types infiltrating the lungs. All experimental mice are included for completeness. Anti-IL-17A also significantly decreased the severity of rejection as determined using established criteria from the International Society of Heart and Lung Transplantation for A scores ( Figures 1A and 1C ) (24) . The majority of anti-IL-17A allografts developed mild acute rejection (grade A2), whereas the majority of control allografts developed moderate acute rejection (grade A3) ( Figures 1A and 1C ). In addition, anti-IL-17A-treated allografts developed less lung fibrosis, with a mean score of F2, compared with control mice with a mean score of moderate fibrosis (F3) ( Figures 1A  and 1C ). The few anti-IL-17A-treated mice that did develop OB had pathology similar to control mice with OB, suggesting the fibrosis was not attenuated in these mice ( Figure 1B ). These data suggest that IL-17A promotes cellular rejection and obliterative airway fibrosis in this model.
IL-17A Blockade Decreases Lymphocytic and IFN-g Response in Lung Allografts
We found that the total number of lymphocytes, particularly CD8 1 T cells, was significantly reduced in anti-IL-17A-treated allografts compared with control allografts. CD4
1 T cells had a trend toward a decrease, whereas there was no effect on total gd T cells ( Figure 2A ). In a subset of mice, we found a significant effect on natural killer (NK) cells but no significant effect on NKT cells ( Figure 2B ). Interestingly, the total number of IFN-g-producing lymphocytes was decreased significantly in anti-IL-17A-treated allografts ( Figure 2C ). This was primarily because of a reduction in IFN-g 1 CD8 T cells and IFN-g 1 NK cells, which were the majority of IFN-g 1 lymphocytes ( Figure 2C ). There was a trend toward an effect on IFN-g 1
CD4
1 T cells ( Figure 2C ). In the thoracic LN, there was no difference in the total number of lymphocytes or individual subsets of IFN-g-producing lymphocytes, with the exception that there was a small but significant difference in NK cells between control mice and anti-IL-17A-treated recipients (see Figure E1 in the online supplement). Because IL-17A is a known modulator of neutrophils, we investigated neutrophil recruitment in lung allografts by immunohistochemistry and flow cytometry at Day 21 after transplant (26) . In the lung allografts, recipients treated with anti-IL-17A had a slight decrease in neutrophils that was not statistically significant ( Figures E2A and  E2B ). The frequency of neutrophils in the allografts was also similar to that in the native lungs in both groups. No appreciable difference in tissue neutrophils in the lung allografts was found by immunohistochemistry ( Figure E2C ). Overall, these results suggest that IL-17A exacerbates local lung allograft immunity by affecting both innate and adaptive lymphocytes, particularly IFNg-producing cells.
Reduced Expression of IFN-g and Proinflammatory Cytokines and Chemokines after IL-17A Blockade
To further investigate the decrease in cellular rejection and fibrosis, we measured the expression of several profibrotic and proinflammatory genes. In agreement with the cellular data, the expression of IFN-g was decreased significantly in anti-IL-17A-treated lung allografts compared with control allografts (Figure 3 ). IL-12 expression was also reduced, but this did not reach significance. We found a trend toward reduced expression of other IL-17A signature cytokines (IL-6, granulocyte/macrophage colonystimulating factor), chemokines (C-X-C motif ligand [CXCL]1, CXCL2, CXCL5), and the tissue remodeling factor matrix metalloproteinase-8 in anti-IL-17A-treated lung allografts (Figure 3 ). Our data suggest that IL-17A blockade is globally decreasing the expression of known mediators of inflammation and fibrosis after minor mismatch lung transplant. Previous work has suggested that IL-17A deficiency prolongs cardiac transplant survival by enhancing the expansion of regulatory T cells (Tregs) (27) . We found that the frequency and absolute number of Foxp3 1
CD4
1 Tregs in the lung allografts was not affected by IL-17A blockade at Day 21 and was comparable to that of control allografts ( Figures 4A  and 4B) . Similarly, the thoracic LN showed no change in Treg population after IL-17A blockade as compared with those of control mice ( Figures 4C and 4D ). These data suggest that IL-17A blockade does not enhance Treg expansion or recruitment at Day 21 after lung transplant. However, given that fewer effector T cells were present in the lungs with IL-17A blockade, the ratio of Tregs to effectors is increased and 1 Th17 or gd T cells ( Figure 5 ). Furthermore, we found that the frequency of both Th17 and IL-17A 1 gd T cells was significantly higher in the anti-IL-17A-treated lung allografts as compared with control allografts (Figures 5A-5D ). These data suggest that there is some negative regulation of IL-17A 1 T cells by IL-17A (29). However, there was no difference in the absolute number of Th17 and IL-17A 1 gd T cells between anti-IL-17A and control allografts ( Figures  5B and 5D ).
Discussion
In this study, we have demonstrated a role for IL-17A in the development of OB in a minor mismatch mouse lung transplant model. Blockade of IL-17A significantly reduced rejection, fibrosis, and the incidence of OB development. The attenuated pathology after IL-17A blockade was associated with a decrease in immune cell recruitment, particularly of IFNg-producing cells. The protective effect of IL-17A neutralization was not associated with an increase in Tregs in the allografts. Although lymphocytic infiltration was reduced significantly in the lung allografts after IL-17A blockade, Th17 and IL-17A 1 gd T cell frequencies were increased relative to control allografts. Together, our data suggest that IL-17A is a mediator of OB and that blocking IL-17A reduces the overall alloimmune response to limit OB development. However, amelioration of OB development after IL-17A blockade was not complete, and the data suggest redundant effector mechanisms for inducing fibrosis.
Previous work in the same lung transplant model using an adenovirus vector expressing IL-17RA-Fc to neutralize IL-17 completely prevented the development of OB (13) . IL-17RA binds IL-17A, IL-17F, IL-17E (also called IL-25), and IL-17C (8) . We have investigated the expression of IL-25 and IL-17C in lung allografts and syngeneic control allografts and have found that IL-25 and IL-17C are not expressed consistently in the lungs of mice with OB at Day 21 (data not shown). In an adoptive transfer model of skin allograft rejection, it was also found that Th17 cells could promote rejection of skin allografts independent of IL-17A production, possibly through IL-17F (28). IL-17F, which is also produced by Th17 cells, is known to have biological effects similar to those of IL-17, such as inducing neutrophilia in the lung and IL-6 production by fibroblasts (30) . In a subset of mice, we preliminarily investigated the production of IL-17F concurrent with IL-17A by lymphocytes. Interestingly, although we see IL-17F produced consistently by in vitro-differentiated Th17 cells, we did not find consistent IL-17F staining ex vivo by lung IL-17A-producing T cells in our preliminary studies. The reason for this is not clear and is the subject of ongoing work. It is probable that at other time points, IL-17F is being produced, and blockade with IL-17RA-Fc was more effective because it neutralized both IL-17F and IL-17A. In addition, IL-17A and IL-17F can form heterodimers that may also escape neutralization by the IL-17A antagonistic antibody used in our study (31) . It is also possible that IL-17RA-Fc delivered by adenovirus was more effective at blocking IL-17A than was a monoclonal antibody. Direct comparison of these reagents in the future may be helpful but was beyond the scope of the current investigation. Our results suggest that targeting IL-17RA instead of IL-17A alone may be more effective.
We found that by neutralizing IL-17A, the overall lymphocytic infiltration in the lungs was decreased and, most significantly, the lymphocytes producing the Th1 cytokine, IFN-g were also decreased. In models of cardiac transplantation, IL-17A deficiency has been associated with a decrease in inflammatory cell recruitment to the allograft, and others have found an effect on the expression of IFN-g in a kidney transplant model (27, (32) (33) (34) ). In our model, IFN-g 1
CD8
1 T cells and IFN-g 1 NK cells were decreased most significantly by IL-17A blockade, although there was a trend toward a decrease in Th1 cells. Gene expression of IFN-g was also decreased significantly in the lung, and we also found a trend toward a reduction in IL-12 expression. IL-17A has been reported to augment IFN-g production and expression in other models. Infection with Francisella tularensis has been found to require IL-17, and IL-17 mediated IFN-g and IL-12 production from macrophages during infection in a mouse model (35) . Similarly, IL-17A was found to enhance the lung immune response to the fungal pathogen Cryptococcus neoformans by augmenting the recruitment of immune cells and IFN-g production by T cells (36). We did not find an effect in the thoracic LN, which suggests an effect on the recruitment of these lymphocytes, rather than their development. We found, in addition to the effect on the Th1 pathway, diminished expression of many of the chemokines and cytokines known to be affected by IL-17A, CXCL1, CXCL2, CXCL5, granulocyte/macrophage colony-stimulating factor, and the tissue remodeling factor matrix metalloproteinase-8. Surprisingly, we did not see a significant effect on tissue neutrophilia by flow cytometry of the lungs or immunohistochemistry. This may be because of the low prevalence of neutrophils in the tissue at Day 21, because the frequency was similar to the native right lungs in both treatment groups. Interestingly, although IL-17A blockade decreased the IFN-g response, we found that blockade of IL-17A increased the frequency of IL-17A-producing gd T cells and CD4
1 T cells in the lungs compared with control lungs. Others have also found that IL-17A can negatively regulate IL-17A production and gene expression through the IL-17RA receptor on Th17 cells in vivo (29) . These data suggest that if IL-17A blockade is stopped, potentially deleterious IL-17-producing T cells that have remained may cause graft damage through IL-17A. Furthermore, the other cytokines produced by Th17 cells would still be present.
The reciprocal relationship between the development of Th17 cells and Tregs is well established (37) . Th17 cells can be induced in the presence of transforming growth factor-b and the inflammatory cytokine IL-6, whereas Tregs are suppressed by IL-6. Previous work in a cardiac transplant model found that a deficiency of IL-17A enhanced Treg expansion in allografts (27) . Tregs have also been found to mediate the increase in allograft survival in IL-17-deficient kidney allograft recipients in a mouse model (34) . This model also did not show an increase in the number of Tregs in the kidney allografts. Although IL-17A neutralization was effective in decreasing the development of obliterative airway disease, we did not find an increase in Tregs in the lungs or thoracic LN when IL-17A was blocked. However, it is probable that Tregs may function more effectively when IL-17A is neutralized and the balance of Tregs to effectors is higher (8) . In the lung allografts, we saw a trend toward a decrease in IL-6 gene expression after IL-17A blockade, which may also improve Treg function. Future studies are required to determine the function of Tregs in OB development and after IL-17A neutralization.
Our previous work suggested that gd T cells and CD4
1 T cells were able to compensate for the lack of the other T-cell subset to produce IL-17A (22) . Here, we have found that blocking all sources of IL-17A decreases rejection and OB in this minor mismatch model. Furthermore, our data suggest that IL-17A promotes an inflammatory cellular rejection response in the lung, leading to fibrosis, but also that it may limit the expansion of more IL-17A-producing T cells in the lung. A limitation of our study is that we focused primarily on the T cells in the lungs and their cytokine production. We did not investigate innate immune cells such as monocytes and activated dendritic cells that are influenced by IL-17A and are likely to be contributing to the pathology (34) . Given the limited cells harvested from the left lung, the extent of our investigation was limited and we chose to focus on T cells, NK cells, and neutrophils. It will be interesting to determine the contributions of other cell types in the lung during IL-17A neutralization in the future and the mechanisms of IL-17A-independent rejection and fibrosis. Overall, our results support a key role for IL-17A in driving lung transplant-related fibrosis in this model and suggest that IL-17A is an important therapeutic target after lung transplant. However, breaks in therapy may lead to a resurgence of the IL-17A-mediated immune response. n Author disclosures are available with the text of this article at www.atsjournals.org. 
